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Switches in perceptual dominance resulting from either binocular rivalry or ﬂash suppression likely
involve some mechanism of interocular suppression, although it is unclear from past research whether
different mechanisms are involved in the two cases. Usingmonocular, centrally ﬁxated sinusoidal gratings
surrounded by contiguous annuli of rivalrous gratings, suppression of the entire central grating was pos-
sible using either technique. However, the magnitude of the suppression was unaffected by the presence
of an ipsilateral surround for ﬂash suppression, yet, for binocular rivalry, suppression no longer occurred
when the surrounds were fusible. Nevertheless, computational modeling demonstrates that the differ-
ences between the techniques may be attributable to the sustained versus transient stimulation of the
contralateral surround, with the magnitude of the suppression proportional to the activation of the con-
tralateral surround. Consistent with this, suppression extends over a greater distance at the onset of the
contralateral surround than during sustained rivalry. Therefore, it is likely that perceptual dominance in
both binocular rivalry and ﬂash suppression is based on the same mechanism of interocular suppression.
 2008 Elsevier Ltd. All rights reserved.1. Introduction
Under normal viewing conditions, a ﬁxated object is projected
as a similar luminance pattern to the fovea of both eyes. Any dis-
similarities in the projected patterns are due to the three-dimen-
sional structure of the object and the relative positioning of the
eyes. From the differences, local depth information about the ob-
ject can be extracted. However, on occasion, a nearby object may
obstruct the line of sight of one eye such that the luminance pat-
tern on the fovea of each eye is quite different. Amazingly, we gen-
erally experience very little disruption in visual resolution or
misperception of the world, as our visual system can locally select
the visual information from one eye while suppressing the visual
information from the other.
In the laboratory, this interocular selection process has been
studied extensively in the form of binocular rivalry, wherein differ-
ent stimuli are presented selectively to each eye. Under these con-
ditions, we generally perceive stochastic switches in perception
between the stimulus of one eye and the stimulus of the other
eye. The proposed mechanism for the selection process is interoc-
ular inhibition given that, among other things, a reduction in con-
trast sensitivity (Blake & Camisa, 1979; Fox & Check, 1972; Hollins
& Bailey, 1981; Norman, Norman, & Bilotta, 2000), an increase in
response time (Fox & Check, 1966), and a reduction in motion after
effect (Blake, Tadin, Sobel, Raissian, & Chong, 2006) have been ob-
served in the suppressed eye. However, interocular selection is notll rights reserved.
ls).based exclusively on the global input from one eye or the other, as
coherent patterns can be observed that are based on piecing to-
gether parts of both eyes; this phenomenon is more consistent
with the notion of local competition (Diaz-Caneja, 1928, translated
by Alais & Blake, 1999; Alais, O’Shea, Mesana-Alais, & Wilson,
2000; Kovács, Papathomas, Yang, & Fehér, 1996). That is, binocular
rivalry may exist between local regions of visual space with con-
ﬂicting information without requiring complete competition be-
tween the two eyes.
Different methodologies other than the standard binocular riv-
alry technique have recently been developed to further study inter-
ocular suppression in ways that were previously not possible. The
ﬂash suppression technique, wherein a change in a stimulus attri-
bute of one eye leads to its immediate perceptual dominance, al-
lows one to bypass the stochastic nature of binocular rivalry and
control when one eye will become dominant (Tsuchiya, Koch, Gil-
roy, & Blake, 2006; Wolfe, 1984). Similarly, continuous ﬂash sup-
pression allows for extended periods of dominance of one eye
over the other by rapidly updating a complex stimulus image in
one eye so that it remains dominant over the other for extended
periods of time (Tsuchiya & Koch, 2005; Tsuchiya et al., 2006). Per-
ceptually, for spatially overlapping stimuli, the effect is identical
for each technique, as the stimulus in the dominant eye is per-
ceived while the locally incompatible, non-dominant stimulus in
the other eye is completely suppressed from visibility. A way to
potentially distinguish between the perceptual consequences of
the different techniques is to study the effect on nearby regions
in space that do not have the same sort of locally incompatible
information. That is because although interocular suppression is
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to nearby regions of visual space (Blake, O’Shea, & Mueller, 1992;
Kaufman, 1963; Wilson, Blake, & Lee, 2001).
Even though the perceptual consequences of binocular rivalry
and ﬂash suppression are identical for overlapping stimuli, it has
not yet been established whether they are based on the same or
different suppressive mechanisms. One recent study that exam-
ined the strength of suppression over time found that although
the magnitude of the inhibitory effect for ﬂash suppression was
greater than for sustained binocular rivalry, it was of no greater
magnitude than when the ﬂash suppression was added to ongoing
binocular rivalry, i.e. when the ﬂash was the cause for a perceptual
switch (Tsuchiya et al., 2006). Although the difference in suppres-
sion magnitude suggests the possibility for different mechanisms
being involved, the lack of any additive suppressive effects is also
consistent with the same mechanisms being involved in both
cases, with the different suppression magnitudes resulting from
the manner of stimulation.
The current study seeks to explore whether binocular rivalry
and ﬂash suppression are based on the same or different mecha-
nisms of interocular suppression. Experiments will be done by
examining suppression of a centrally ﬁxated, monocular grating
as a result of binocular rivalry or ﬂash suppression at a nearby re-
gion of space. Because prolonged viewing of annuli gratings with
orthogonal orientations in the two eyes results in stochastic
switches in the dominant orientation, if another grating is included
in the central portion of the annulus of one of the eyes, then the
center grating may be suppressed also, concomitant with the dom-
inance of the surround grating in the opposite eye (see Fig. 1A).
Such a stimulus paradigm has the advantage of generating sup-
pression at a spatial location different from that of the direct riv-
alry, such that potential differences in the perceptual
consequences of binocular rivalry and ﬂash suppression may be
observed.2. Experiment 1: Interocular suppression at stimulus onset
Preliminary observations of the stimulus described above re-
vealed that it was possible for the center grating to occasionally be-
come completely invisible, although the cause of the suppression
from visibility could not be immediately ascertained. Due to the
spatial structure of the stimulus, it is possible that the suppression
of the center grating—the target stimulus—occurred due to either
surround suppression from the high contrast annulus or spreading
competition from interocular rivalry within the annulus. Surround
suppression is a general phenomenon that occurs when the re-
sponse to a stimulus, such as the ﬁring rate of neurons (e.g.
DeAnglelis, Freeman, & Ohzawa, 1994; Hubel & Wiesel, 1965) or
psychophysical contrast sensitivity (e.g. Petrov & McKee, 2006),
is reduced by the presence of a high contrast stimulus around it.
Although surround suppression may be responsible for a slight
reduction in activation caused by the center grating, it is unlikely
to be the only cause of the complete suppression of the center,
as its effects are generally observed as changes in contrast thresh-
old, not complete masking of large, suprathreshold stimuli. Spread-
ing competition from locations of direct binocular rivalry does
sometimes suppress nearby monocular stimuli (Kaufman, 1963),
and the spread of suppression is likely responsible for occasions
of complete dominance with extended patterns (Blake, O’Shea, &
Mueller, 1992).
Surround suppression has been found to be of similar magni-
tude whether the center and surround are presented to the same
or opposite eyes, implying a locus of processing after binocular
combination (Petrov & McKee, 2006). If the suppression of the tar-
get here is entirely due to a surround suppression effect that occursafter binocular combination, then similar amounts of suppression
may be found whether the surround is presented to the same
eye or opposite eye as the target and it may be possible to suppress
the target whether it is presented monocularly or binocularly.
However, if interocular competition is a necessary component of
suppression from visibility, then suppression would be observed
when the surround is presented to the opposite eye (contralateral-
ly), but not when it is presented to the same eye (ipsilaterally).
Also, if suppression from visibility of the target requires a uniform
ﬁeld in the other eye to replace it as the dominant percept, then the
monocular presentation of the center grating would be necessary
for suppression to occur.
Furthermore, an important question regarding interocular sup-
pression is the effect that the ipsilateral surround has on the sup-
pressive strength of the contralateral surround. On the one hand, if
the mere presence of the ipsilateral surround serves primarily to
reduce the suppressive strength, then less suppression would be
observed when it is present than when it is absent. On the other
hand, if it is the relationship between the ipsilateral surround
and the contralateral surround that is important, then the presence
of an ipsilateral surround may serve to either increase or decrease
the amount of suppression. That is, if spatially local conﬂicting
information in the two eyes is a necessary component for interoc-
ular suppression, then suppression from visibility of the target
would be greatest when the surrounds are rivalrous, and therefore
suppressing one another in a competitive fashion, and least when
they are fusible and not competing. Presentation of the surround
to the contralateral eye only may result in intermediate amounts
of suppression as it will likely still be competing with the target
grating in the opposite eye, but to a lesser degree than it would
with a rivalrous surround in the opposite eye.
2.1. Participants
Four individuals, including one of the authors, participated,
with all but the author naïve to the purposes of the study. All were
well practiced in psychophysical experiments and had normal or
corrected-to-normal vision. Those who required glasses wore them
during all experimental sessions.
2.2. Stimuli
The stimuli presented during the adaptation period and test
period of each trial depended on the condition (see Fig. 1B). A cen-
trally ﬁxated circular patch of grating was presented to either one
eye—monocular target—or both eyes—binocular target. A surround
annular patch of grating was also presented to either one eye or
both eyes. For monocular target trials, the surround annulus was
presented to the same eye (ipsilateral surround only), the opposite
eye (contralateral surround only), both eyes with the same orien-
tation (fusible surrounds), or both eyes with orthogonal orienta-
tions (rivalrous surrounds). For binocular target trials, the
surround annulus was either presented to both eyes with the same
orientation (binocular control 1) or to only one eye (binocular con-
trol 2). For the condition with a monocular target and rivalrous
surrounds, the central target grating and the ipsilateral surround
grating were presented for both the adaptation and test periods,
but the contralateral surround grating was presented during only
the test period. For the other conditions, the target was presented
for both the adaptation and test periods but any surround annuli
were presented during just the test period.
Stimuli in both eyes were surrounded by a ring with a radial
grating pattern that was 6 min wide and located 6 min away from
the outer edge of the surround annuli to assist in maintaining
proper convergence alignment of the two eyes. Both the target
and surround gratings had a spatial frequency of 2 cpd and a
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Fig. 1. (A) Anaglyph version of one stimulus condition that can be viewed wearing red/green glasses. One eye is presented with a circular patch of grating—the target—
surrounded by an annular patch of grating oriented 45 deg clockwise. The other eye—the contralateral eye—is presented with just an annular patch of grating with an
orthogonal orientation to that of the target eye’s surround annulus. To experience the ﬂash suppression methodology, ﬁrst ﬁxate on the center of the adaptation stimulus for a
few seconds, then ﬁxate on the center of the test stimulus. To experience the binocular rivalry methodology, ﬁxate on the test stimulus for several seconds. (B) Adaptation and
test stimuli used in Experiments 1 and 2. The different conditions are, in clockwise order from upper left: Monocular target and rivalrous surrounds, monocular target and
surround in contralateral eye only, binocular target and binocular, fusible surrounds [binocular control 1], binocular target and monocular surround [binocular control 2],
monocular target and surround in same eye only [ipsilateral surround only], and monocular target and binocular, fusible surrounds. (C) Possible perceptual states of the target
during the test phase. For Experiment 1, using ﬂash suppression, participants reported the proportion of the target grating that was visible during the test period, which was
converted into a suppression rating for data analysis. The suppression rating scale was: (0) The entire target was visible. (1) More than half of the target was visible. (2) Less
than half of the target was visible. (3) None of the target was visible, i.e. a uniform gray ﬁeld was perceived. For Experiment 2, using binocular rivalry, participants reported
whether or not any portion of the target was visible. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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annulus was 1.8 deg and the outer diameter was 4.25 deg. The
diameter of the target was 1.7 deg. The target grating was oriented
either vertically or horizontally, whereas the surround gratings
were orientated either 45 deg clockwise or counterclockwise from
vertical. This was done to minimize any effects of collinear facilita-
tion between the target and ipsilateral surround (Alais & Blake,
1999; Fukuda & Blake, 1992; Polat & Sagi, 1993).
All stimuli were presented on a LaCie Electron 22Blue IV 22 in.
monitor with 800  600 resolution, 120 Hz refresh rate controlled
by a Power Mac G5 computer running VPixx v2.20 software (VPixx
Technologies Inc., Longueill, Canada, www.vpixx.com). Stimuliwere viewed through Crystal Eyes 3 liquid crystal shutter glasses
(StereoGraphics Corporation, REAL D Scientiﬁc Corp.) in a darkened
room and the mean luminance of the monitor was 35 cd/m2
(10 cd/m2 measured through the shutter glasses). The amount of
measured leakage between the two eyes for the shutter glasses
was around 6%.
2.3. Procedure
Participants pressed a key to begin a trial. They were instructed
to maintain ﬁxation in the center of the screen, which corre-
sponded to the middle of the target and the middle of the space en-
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Fig. 2. Results of Experiment 1. (A) Average suppression rating across participants
for each of the different conditions. (B) Normalized suppression rating for individual
participants for the three conditions which showed signiﬁcant suppression.
Normalization was done within each block in relation to the suppression rating
for the rivalrous surrounds condition. Error bars represent one standard error of the
mean.
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suppression methodology was used. Each trial consisted of a
4000 ms adaptation period, a 500 ms test period, and then an
indeﬁnite response period during which only the peripheral ﬁxa-
tion ring was presented. After a response was made, the entire
stimulus disappeared and the screen remained blank until the
spacebar was pressed to initiate the next trial. Participants were
instructed to rest whenever needed both between trials and be-
tween blocks.
The change in the dominant percept in the surround following
the adaptation period as a consequence of the ﬂash suppression
methodology was perceptually salient enough to serve as a signal
to the participants as to when the test period began. The response
given after the test period indicated the proportion of the target
grating that was still visible after the surround changed: (a) all,
(b) more than half, but not all, (c) some, but less than half, (d) none.
Representations of possible percepts are shown in Fig. 1C. The pro-
portion of target visibility was converted to a suppression rating
for data analysis. The rating scale was as follows; 0: the entire tar-
get grating remained visible, 1: more than half of the target grating
remained visible, 2: less than half of the target grating remained
visible, or 3: none of the target grating remained visible, i.e. there
was a uniform gray ﬁeld within the annulus.
2.4. Design
The orthogonal combination of eye presentation (target in left-
or right-eye), orientation of the target grating (vertical or horizon-
tal), orientation of the surround grating (45 or 135 deg), and the six
presentation conditions resulted in 48 distinct trials that were pre-
sented in random order two times each per block. Eye presentation
and surround grating orientation were varied for counter-balanc-
ing purposes and target grating orientation was varied to reduce
retinal adaptation effects. Each presentation condition was run
16 times in each of six blocks that lasted approximately 12 min
each.
2.5. Results
Average data across participants are graphed in Fig. 2A. For all
participants, suppression ratings were consistently higher in the
monocular target conditions that contained a contralateral sur-
round than in the monocular target condition with an ipsilateral
surround only and the binocular control conditions, which all
had minimal suppression. Although individual participants
showed signiﬁcant differences between some of the monocular
target conditions, there were no consistent effects across partici-
pants (see Fig. 2B). The statistical reliability of the overall trend
that the suppression was due to the contralateral surround was as-
sessed with a general ANOVA (F(5,15) = 25.49, p < .0001) and post-
hoc testing was done to compare differences between individual
conditions. A Tukey post-hoc test on the mean suppression ratings
across participants for the different conditions resulted in a signif-
icant difference (|q| > 8.39, p < .001) for each of the comparisons
between conditions with both a monocular target grating and a
contralateral surround to each of the other conditions, and a
non-signiﬁcant difference (|q| < 1.20, p > .96) for all other compar-
isons. An identical pattern of signiﬁcant and non-signiﬁcant differ-
ences was found when paired t-tests were done between each of
the conditions.
To conﬁrm that subjects could reliably report the proportion of
the target that remained visible following the onset of the sur-
rounds that signaled the beginning of the test period, two addi-
tional naïve participants, along with one of the authors, were run
in a set of trials with unambiguous, binocularly presented target
gratings that were ﬁltered by a Gaussian window of different sizes,intermixed with the three experimental conditions for which sup-
pression of the target grating consistently occurred. All three par-
ticipants were able to qualitatively distinguish the proportion of
the Gaussian blurred target that was visible and showed the same
pattern of results as found in the original experiment (see Supple-
mentary Figure 1).
2.6. Discussion
A clear pattern of results emerged that monocular presentation
of the target and a surround in the contralateral eye were both nec-
essary and sufﬁcient for maximum suppression. This is important
for two reasons. First, the suppression from visibility is due to
interocular competition, as evidenced by suppression when there
was only the surround in the contralateral eye, but not when there
was only the surround in the same eye. Surround suppression after
binocular combination could not account for these results. Second,
the presence of the ipsilateral surround did not affect the suppres-
sion from the contralateral surround. The strength of the suppres-
sion, on average, was the same whether the ipsilateral surround
was absent, rivalrous with the contralateral surround, or fusible
A. Average across participants
106 D.F. Nichols, H.R. Wilson / Vision Research 49 (2009) 102–114with it. Therefore, at least at the initial transient onset of the stim-
ulus, the suppressive effect of the contralateral surround works
independently of the ipsilateral surround.S
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Fig. 3. Results of Experiment 2. (A) Average suppression duration across partici-
pants for each of the different conditions. (B) Normalized suppression duration for
individual participants. Normalization was done within each block in relation to the
suppression time for the rivalrous surrounds condition. Error bars represent one
standard error of the mean.3. Experiment 2: Interocular suppression in binocular rivalry
It was found in Experiment 1 that interocular suppression was a
necessary component for the suppression from visibility of the tar-
get grating and that the ipsilateral surround had little or no mod-
ulatory effects on the strength of the suppression. During binocular
rivalry, however, there is a clear difference in the magnitude of
competition at a particular spatial location resulting from rivalrous
stimuli and non-rivalrous, fusible stimuli (Fox & Check, 1966). It is
possible, then, that the observed lack of a modulatory effect of the
ipsilateral surround was due to the transient stimulation in the
ﬂash suppression methodology, and different results might be
found using a binocular rivalry methodology, i.e. sustained stimu-
lation. Therefore, the effect of the ipsilateral surround on the
strength of the interocular suppression from the contralateral sur-
round on the target grating was tested with periods of prolonged
viewing of the target and surround annulus.
3.1. Participants
Six individuals participated, four of whom also ran in Experi-
ment 1.
3.2. Stimuli
Only the conditions that resulted in suppression from visibility
of the target using the ﬂash suppression methodology in Experi-
ment 1 were tested. They were conditions with a monocular target
grating and surround annuli presented to either (A) both eyes, hav-
ing orthogonal orientations, such that the surrounds were rival-
rous, (B) both eyes with the same orientation, such that they
were fusible, or (C) just the contralateral eye. The stimuli for the
adaptation and test phases were the same as in Experiment 1
and are shown in Fig. 1B.
3.3. Procedure
Participants pressed a key to begin a trial. They were instructed
to maintain ﬁxation in the center of the screen, which corre-
sponded to the middle of the target and the middle of the space en-
closed by both the surround annuli and the peripheral ring. Each
trial consisted of a 10 s adaptation period, a 60 s test period, and
then a 10 s rest period during which only the peripheral ﬁxation
ring was presented to allow for the dissipation of afterimages. (A
longer adaptation period was used in relation to Experiment 1 to
foster the complete suppression of the target.) Participants pressed
a key to indicate when the target disappeared completely and then
another key to indicate when any portion of the target reappeared.
Participants were instructed to rest whenever needed both be-
tween trials and between blocks.
3.4. Design
The orthogonal combination of eye presentation (target in left-
or right-eye), the orientation of the surround grating (45 or
135 deg), and the three presentation conditions, resulted in 12 dis-
tinct trials that were presented in random order. Eye presentation
and surround grating orientation were varied for counter-balanc-
ing purposes and thus were not explicitly considered individual
conditions. Each presentation condition was run four times in each
of four blocks that lasted approximately 15 min each.3.5. Results
Average data across participants are graphed in Fig. 3A. An AN-
OVA conﬁrmed the statistical signiﬁcance of a modulatory effect of
the ipsilateral surround (F(2,10) = 19.40, p < .0001). Tukey post-
hoc tests between the individual conditions revealed that the
amount of suppression with rivalrous surrounds and a surround
in the contalateral eye only were both signiﬁcantly above the
amount of suppression when the surrounds were fusible, but not
signiﬁcantly different from each other (Rivalrous  Fusible = 8.04,
|q| = 8.61, p < .001; Contralateral Only  Fusible = 5.54, |q| = 5.93,
p < .005; Rivalrous  Contralateral Only = 2.50, |q| = 2.67, p = .19).
However, four out of the six participants showed the same trend,
with the most suppression from visibility of the target when the
surrounds were rivalrous, less suppression when there was only
the surround in the contralateral eye, and very little suppression
when the surrounds were fusible (see Fig. 3B).
3.6. Discussion
The ipsilateral surround was shown to have a strong modula-
tory effect on the suppression of the target grating by the contra-
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when the surrounds were rivalrous, the least suppression when
they were fusible, and in-between when the ipsilateral surround
was absent. A likely reason for the rivalrous surrounds resulting
in more suppression than the fusible surrounds is the transient rise
in activation that occurs when one surround returns from suppres-
sion and becomes dominant. Fusible surrounds do not have similar
cycles of suppression and dominance, but rather remain at a rela-
tively sustained level of activation (Fox & Check, 1966).
It is worth noting that similar oscillations in activation also oc-
curred when the ipsilateral surround was absent. Both the target
and the contralateral surround waxed and waned in activation,
sometimes even disappearing completely. Although not experi-
mentally conﬁrmed, it seemed that the center grating was sup-
pressed the most when the opposite surround increased quickly
in perceptual strength, presumably undergoing a transient rise in
activation similar to that which occurs when returning to domi-
nance in the rivalrous surrounds condition. It is possible that the
occasional disappearance of the gratings occurred due to either
Troxler’s fading or, as we believe, due to suppressive interactions
between the target and the contralateral surround. Because of
the large size of the gratings, the frequency of disappearance over
a 1-min trial, and the foveation of the target grating, in particular, it
is unlikely that Troxler fading can completely account for all of the
fading from visibility of the gratings. Even though the disappear-
ance of a central target was not reported previously under similar
stimulus conditions (Fukuda & Blake, 1992; Levelt, 1965), seem-
ingly indicating a lack of interocular competition between the cen-
tral target and a contralateral surround annulus, the current study
used a smaller separation between the central target and the sur-
round and the size of the central target and surround were larger,
both of which would be expected to increase the magnitude of any
interaction. The greater frequency in disappearance of the target
grating for the contralateral only surround condition compared
to the fusible surround condition also argues against Troxler fading
and/or surround suppression being the cause of the fading from
visibility and supports interocular competition between the con-
tralateral surround and the target grating.4. Model
Given that a different pattern of results was found in Experi-
ments 1 and 2 using the ﬂash suppression and binocular rivalry
methodologies, it is possible that interocular suppression is based
on different mechanisms in the two cases. However, interocular
suppression may have been based on the same mechanism in both
instances, with the different results being due to the suppressive
mechanism operating at different levels of activation over time
and demonstrating different time courses in activation for the dif-
ferent stimulus conditions. That is, suppression of the target may
reasonably occur whenever the suppressive mechanism is sufﬁ-
ciently active, but with the two methodologies sampling from dif-
ferent points along a particular temporal activation function due to
the transient versus sustained time course of the two
methodologies.
The essential dynamics of binocular rivalry can be explained by
activation-dependent reciprocal inhibition and activation-depen-
dent self-adaptation (Wilson, 2007). The reciprocal inhibition al-
lows for two competing dynamic variables (actually representing
ﬁring rates in neural populations) to establish a winner/loser pair-
ing such that only one is above perceptual threshold at any given
moment in time, even though they both receive the same amount
of stimulus activation. The self-adaptation reduces the activation
of the dominant variable over time, whereas recovery from adapta-
tion can result in an increase in activation of the non-dominantvariable, because of its low levels of activation. This allows for
switches between the dominant variable and the suppressed vari-
able as the reduced inhibition strength is no longer sufﬁcient to
suppress the non-dominant variable. The activation of the non-
dominant variable quickly rises to a level that is sufﬁcient to sup-
press the previously dominant variable and a perceptual switch
occurs.
These two components of dynamic interaction and self-adapta-
tion are also sufﬁcient to account for the experimental results ob-
served in the above studies and, furthermore, for the qualitative
differences in the results between the ﬂash suppression and the
binocular rivalry methodologies. The basic results of Experiments
1 and 2 are that using the ﬂash suppression methodology, equal
amounts of suppression of the target resulted whether the ipsilat-
eral surround was rivalrous with the contralateral surround, fus-
ible with the contralateral surround, or completely absent, but
with the binocular rivalry methodology, the greatest amount of
suppression of the target resulted when the surrounds were rival-
rous, less was observed when the ipsilateral surround was absent,
and hardly any suppression was observed when the surrounds
were fusible. Simulations of a basic binocular rivalry model (see
Fig. 4A and B) demonstrate that the seemingly different effects
from the two methodologies can actually result from the same
mechanism operating at either adapted or unadapted activation
levels. The model is simple in that it extends a basic rivalry model
of interaction between the surrounds (Lehky, 1988; Noest, van Ee,
Nijs, van Wezel, 2007; Wilson, 2005) to also include unidirectional
inhibition from the contralateral surround onto the central target
to account for suppression of the target (consistent with Stollen-
werk & Bode, 2003; Wilson et al., 2001).
The effect of an interocular suppressive mechanism operating at
different points along a temporal activation function can best be
seen by comparing the predicted activation functions of the sur-
rounds when they are either rivalrous or fusible with one another.
First consider the case where the surrounds are rivalrous. Follow-
ing the initial adaptation period during which the ipsilateral sur-
round is present, oscillations in activation occur for both of the
surrounds as they alternate in perceptual dominance (Fig. 4C).
With the basic assumption that suppression of the target occurs
whenever the activation of the contralateral surround is sufﬁ-
ciently high (Fig. 4D), then suppression of the target occurs follow-
ing a transient rise in inhibition when the contralateral surround
ﬁrst appears, as in the ﬂash suppression methodology, or becomes
dominant during alternations in perception, as in the binocular riv-
alry methodology (Fig. 4E). The multiple periods of dominance of
the contralateral surround would therefore result in large portions
of time for which the target is suppressed. Second, consider the
case where the surrounds are fusible (Fig. 4, right-hand column).
With fusible surrounds represented by removing the inhibition be-
tween the surrounds (setting xss = 0), the target is still suppressed
at stimulus onset, as in the ﬂash suppression methodology, due to
a large magnitude transient rise in activation of the contralateral
surround and prolonged adaptation of the target. However, during
the prolonged sustained activation of the contralateral surround,
the strength of the inhibition is expected to drop to a level that
is insufﬁcient for suppression to occur because of the activation-
dependent self-adaptation of the contralateral surround. Therefore,
suppression of the target can occur at the initial onset of the fusible
surrounds, but not during prolonged viewing, accounting for the
disparate ﬁndings between ﬂash suppression and binocular rivalry
that were found in Experiments 1 and 2.
By the above logic, suppression of the target when the ipsilat-
eral surround is absent would occur for the binocular rivalry meth-
odology if there were also transient rises in activation of the
contralateral surround during the period of prolonged stimulation.
Weak inhibition from the target onto the contralateral surround is
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the alternations in perception of both the target and the surround
during these trials experimentally, where the center was often sup-
pressed soon after the surround returned from occasional fading
out of visibility (see Section 3.6).
The above experiments explored the interocular conditions
which led to suppression of the target pattern, in order to categorize
the relevant inputs to the suppressive mechanism. Another impor-
tant aspect of the interocular suppressive mechanism is its spatial
spread. A number of different studies have examined the spatial
spread of suppression during binocular rivalry and found that
although suppression is strongest within 30 arc min, it can extend
as far as 1.5 deg from suppressive surrounds (Kaufman, 1963; Liu
& Schor, 1994). Of particular interest to the current study is what
would be expected regarding the spatial spread of suppression, gi-
ven thepreviousﬁndingswithbinocular rivalry, if the samesuppres-
sivemechanismwas involved in ﬂash suppression. Speciﬁcally, how
would the measurement of the spatial spread of suppression be ex-
pected to differ for ﬂash suppression compared to binocular rivalry?
If ﬂash suppression and binocular rivalry both involve the same
suppressive mechanism, then measurements of the spread in inter-
ocular suppression should be restricted by the same limited exten-
sion of suppression from a particular suppressive stimulus. The
spatial extent of suppression is well characterized by a decreasing
monotonic function of space (Kaufman, 1963). As theorized by
Kaufman, the amount of a monocular target that is suppressed be-
tween two ﬂanking suppressor bars can be used to estimate the
spatial spread in suppression (see Fig. 5A and B). This assumes that
the amount of suppression is proportional to the magnitude of the
combined suppressive inﬂuence of both of the ﬂankers. With that
in mind, the amount that the monocular target is suppressed is
dependent both on the intrinsic spatial spread of suppression from
the ﬂankers, as well as the activation level of the ﬂankers (Wilson
et al., 2001). As we believe that the magnitude of activation is high-
er at the initial onset of the ﬂankers than during periods of sus-
tained rivalry, then the measured spread of suppression is
expected to be greater at the initial onset of the ﬂankers than dur-
ing periods of sustained rivalry (see Fig. 5C and D). Therefore, the
measured spatial spread of suppression is expected to be larger
for ﬂash suppression than for binocular rivalry, even if the under-
lying mechanism is the same.5. Experiment 3: Measures of the spatial spread of suppression
The conditions that are necessary and sufﬁcient to trigger inter-
ocular suppression were investigated in Experiments 1 and 2 to
understand the nature of the suppressive mechanisms that are in-
volved in binocular rivalry, ﬂash suppression, as well as other cir-
cumstances, such as the ‘halos’ in perception that surround
monocularly presented stimuli (von Helmholtz, 1962; Kaufman,
1963). A highly important property of any suppressive mechanism
is its spatial extent. This has been studied previously using stan-
dard binocular rivalry techniques (Kaufman, 1963), as well as using
a ﬂash suppression technique (Liu & Schor, 1994). Here, we will di-
rectly compare measurements of the spatial spread of suppression
found using ﬂash suppression and binocular rivalry by examining
the extent of suppression at the initial onset of the suppressive
stimuli and during subsequent periods of sustained stimulation.
5.1. Participants
Four individuals, including one of the authors, participated,
with all but the author naïve to the purposes of the study. Two
of the four also participated in Experiments 1 and 2. All were well
practiced in psychophysical experiments and had normal or cor-rected-to-normal vision. Those who required glasses wore them
during all experimental sessions.
5.2. Stimuli
Our stimulus paradigm was a modiﬁcation of the suppression
ﬁeld stimuli used by Kaufman (1963), and Liu and Schor (1994)
that consisted of one target pattern with an orthogonal orientation
to two suppressor patterns. A centrally ﬁxated horizontal bar was
presented to one eye and two vertical bars, symmetrically spaced
around the ﬁxation location, were presented to the other eye. See
Fig. 6A for the spatial structure of the stimulus. A binocular ﬁxation
dot (light gray; luminance = 70 cd/m2) was always centered within
the horizontal bar, which also corresponded to the center of the
screen. The luminance pattern of the horizontal bar (10.0 deg wide,
1.0 deg high), i.e. the target, was a sinusoidal grating oriented hor-
izontally, with the same spatial parameters as used in the previous
experiments (spatial frequency of 2 cpd, Michelson contrast of 0.5).
The phase of the grating was random from trial to trial. The lumi-
nance pattern of the vertical bars (1.0 deg wide, 10.0 deg high), i.e.
the suppressors, was a random noise pattern (each pixel was inde-
pendently light gray or dark gray, Michelson contrast of 0.5) inde-
pendently determined for the two suppressors and different from
trial to trial. The suppressors were spaced 2.0, 3.0, 4.0, 6.0, or
8.0 deg apart, center-to-center, which resulted in a region of the
target 1.0, 2.0, 3.0, 5.0 or 7.0 deg wide between the inner edges
of the suppressors.
5.3. Procedure
Participants pressed a key to begin a trial. They were instructed
to maintain ﬁxation on the dot in the center of the screen, which
corresponded to the middle of the target. After the key was
pressed, the target appeared, without the suppressors, to start an
adaptation period. Following 10 s of adaptation, the suppressors
appeared to the other eye, while the target remained constant, to
start the test period. Throughout the test period, which lasted for
30 s, both the suppressors and the target were present. During
the course of a typical trial, the central portion of the target part
faded in and out of visibility, with disappearance often starting
near the suppressors and spreading inwards (see Fig. 6B). Partici-
pants pressed a key to indicate whenever the region of the target
between the suppressors disappeared completely and then another
key to indicate when any portion of the target between the sup-
pressors reappeared. Following the test period, the target and sup-
pressors were removed, leaving only the ﬁxation dot, for 10 s, to
allow for the dissipation of afterimages. Each trial lasted a total
of 50 s. Participants were instructed to rest whenever needed both
between trials and between blocks.
Control conditions were also included for which the target bar
and suppressor bars were presented binocularly, such that the fre-
quency with which disappearance from visibility occurred could be
controlled for the range of separations. These consisted of some tri-
als during which the target bar remained visible throughout the
test period and some trials for which the whole target bar period-
ically disappeared and reappeared, following a time course similar
to what is experienced perceptually (see Fig. 6B). The separations
of the suppressors that were used for the control conditions were
1.0, 3.0, and 7.0 deg. Participants were able to correctly report
the disappearance and reappearance of all of the control stimuli.
5.4. Design
The orthogonal combination of eye presentation (target in left-
or right-eye) and the separation of the suppressors (1.0, 2.0, 3.0,
5.0, 7.0) resulted in 10 distinct trials that were presented in
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tions. Collapsing across eye presentation, each separation of sup-pressors was run four times in each of four blocks that lasted
approximately 25 min each.
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Fig. 6. Stimuli and methods for Experiment 3. (A) Two vertical bars composed of random noise were presented to one eye and a horizontal bar composed of a horizontal
grating pattern was presented to the other eye. Perceptual alternations in the visibility of the target bar can be observed by viewing the combined stimuli with red/green
anaglyph glasses. (B) The disappearance and reappearance of the center portion of the target bar is well characterized by expanding Gaussian curves centered on the
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ﬁeld was presented to the eye opposite of a high contrast target grating. Participants pressed a key to indicate when the area of the target grating between the two indicator
lines disappeared. (D) Control conditions for the traveling wave stimuli included the binocular presentation of both the target and the suppressive triggers such that the target
grating did not disappear at all or the target bar disappeared in an expanding fashion away from the triggers. (For interpretation of the references to color in this ﬁgure legend,
the reader is referred to the web version of this article.)
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The data were analyzed separately for periods of suppression
that started within the ﬁrst 2 s following the onset of the suppres-
sors, to measure the extent of suppression during the initial tran-
sient phase of activation, and for the remainder of the test
period, to measure the extent of suppression during the sustained
phase of activation. Average total suppression time, across partici-
pants, for both the transient and sustained phases is graphed inFig. 7A. The comparison of interest, however, is the rate at which
the relative amount of suppression decreases as a function of sup-
pressor separation. As such, the amount of suppression time, nor-
malized with respect to the amount of suppression for the
smallest separation, is plotted in Fig. 7B. Bootstrapping was per-
formed to assess the reliability that the two curves actually came
from separate populations, instead of a single population (Mooney
& Duval, 1993). This was done by randomly sampling into two
groups, with replacement, four normalized suppression time val-
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the initial phase and the sustained phase. For each simulated
group, the distribution of ﬁtted curves was calculated by another
bootstrapping procedure that randomly selected 20 data points,
with replacement, for each group separately and independently
ﬁt them with an exponential decay function. Based on the boot-
strapped distribution of curve ﬁts, it was determined how likely
the ﬁt for a particular group would happen by chance if it is really
from the same distribution of ﬁts as the other group. The largest p-
value for the two comparisons was taken as the output for a partic-
ular simulation. Based on 2000 experimental simulations of ran-
domly sampling the data into two groups, with 10,000
simulations to calculate the distribution of curve ﬁts per experi-
mental simulation, it was determined that the likelihood of gener-
ating, by chance, two curves as far apart as the ones measured
experimentally was less than 2%. Therefore, it was concluded that
the initial transient phase and the sustained phase follow different
slopes. Fits using exponential decay functions demonstrated that
the amount of suppression, as a function of distance, decreased fas-
ter for the sustained phase (normalized suppression
time = e0.44(separation  1)) than the transient phase (normalized
suppression time = e0.28(separation  1)).5.6. Discussion
The rate at which suppression decreased as a function of the
separation of the suppressors was found to be different for the ini-
tial transient phase and the sustained phase. Speciﬁcally, suppres-
sion was found to extend across a greater distance at the initial
onset of the suppressors, i.e. using ﬂash suppression, than during
the prolonged presentation of both the suppressors and the target,
akin to binocular rivalry. This means that when the suppressors
were ﬁrst turned on, the whole target pattern between the sup-
pressors was often suppressed, even for separations of 5 and
7 deg. Then, for subsequent periods of time during which the sup-
pressors became prominent and the target bar near them was sup-
pressed, only portions of the target bar in the near vicinity of the
suppressors was suppressed from visibility, which often did not
reach the middle of the target bar for large separations.
During the initial transient phase of the test period, suppression
of the target bar seemed to occur nearly instantaneously; the disap-
pearance of the target bar quickly followed the onset of the suppres-
sors and occurred at virtually the same time for the whole of the
target bar that was suppressed. However, during the sustained
phase, suppression of the target bar appeared to occur more in
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sors and then retreating back towards themas the target bar became
more visible. This perceptual experience is illustrated in Fig. 6B. It is
important to note that this time course of suppression iswhatwould
be expected for a ﬁxedwidth,monotonically decreasing, interocular
suppression ﬁeld extending away from the suppressors, which is
what has been assumed in the above modeling and in previous
descriptions of similar ﬁndings (Kaufman, 1963; but spatially ex-
tended coherence in rivalry has also been attributed to excitation—
seeBlake, O’Shea,Mueller, 1992; Fukuda&Blake, 1992). Thepercep-
tual ‘waves’ of suppressionwouldbea consequenceof the increasing
anddecreasing of the activation of the suppressorswith alternations
in visibilityduring rivalrywith the overlappingportions of the target
bar. However, another possibility thatmust be addressed iswhether
the perceived spreading of suppression over time is due to traveling
waves of suppression that originate at the suppressors and move
along the target bar.
The possibility of traveling waves of suppression was studied
using a similar paradigm to that used by Wilson et al. (2001), to
study traveling waves in binocular rivalry. Here, however, domi-
nance of the target pattern was established through ﬂash suppres-
sion, i.e. by pre-adapting the rivalrous pattern prior to turning on
the target pattern (see Fig. 6B). Also, trials were included for which
there was no rivalrous pattern, but rather a uniform ﬁeld was pre-
sented in the eye contralateral to the target grating. Traveling
waves were observed for trials that contained a rivalrous pattern,
but not for those that contained a uniform ﬁeld (Fig. 7C). This is
not consistent with traveling waves of suppression, but is consis-
tent with the description that Wilson et al., used for their original
ﬁndings. That is, the observed traveling waves during rivalry are
from a wave of ‘disinhibition’, such that what was previously sup-
pressed became visible, reducing the amount of suppression on
neighboring regions, which then allowed for nearby regions to be-
come visible in turn. In order for a wave of disinhibition to propa-
gate, the possibility must exist that the suppressed eye can locally
establish dominance over the other eye. While this is true when
there are rivalrous patterns in the two eyes, a monoculalry pre-
sented grating will remain dominant over a uniform ﬁeld pre-
sented in the other eye for an extended period of time, only
eventually fading from view after prolonged viewing, consistent
with Troxler fading. Therefore, suppression of the monocular target
pattern is believed to be due to direct suppression that extends
away from the suppressor bars.
6. General discussion
Observed experimental differences in interocular suppression
between ﬂash suppression and binocular rivalry methodologies
suggest the possibility that different mechanisms are involved in
the two cases. For instance, a clear distinction was found regarding
the modulatory effect that one eye has on the interocular suppres-
sion of the other eye, with essentially no modulatory effect with
ﬂash suppression, but a strong modulatory effect with binocular
rivalry. Also, suppression of a monocular, horizontal target bar
was found to extend across greater spatial distances at the initial
onset of two vertical suppressor bars presented to the contralateral
eye than following prolonged viewing of both stimuli. However,
the observed experimental differences can be explained by differ-
ences in the temporal characteristics of the resulting activations.
Dynamic modeling demonstrated that the observed differences
are to be expected, given oscillations in periods of dominance for
competitive stimuli and activation-dependent self-adaptation dur-
ing periods of sustained dominance.
For the modeling presented here, which is characteristic of a
wide range of models of binocular rivalry (Wilson, 2005), the fre-
quency of suppression of the monocular target pattern is expectedto be in direct proportion to the activation of a contralateral stim-
ulus and inversely proportional to the activation of the target pat-
tern itself. That is, the higher the activation of the contralateral
surround, the greater the suppression of the target pattern, but
only if the target pattern is of sufﬁciently low activation itself.
Low levels of activation, for suprathreshold stimuli, occur primarily
through activation-dependent self-adaptation. Along these lines,
the more time for which a target pattern is allowed to adapt, the
greater the expected frequency of complete suppression from vis-
ibility. Also, if a blank period is included between adaptation of the
target and the onset of the contralateral stimulus, during which the
target itself is turned off, the lower the expected frequency of com-
plete suppression from visibility. Both of these effects were previ-
ously found for overlapping regions of incongruent stimuli (Wolfe,
1984) and occur for the present stimuli as well (based on observa-
tions by one of the authors). The temporal dependence of both high
levels of activation of the stimulus in one eye and low levels of acti-
vation of the stimulus in the other eye in order to establish reliable
perceptual dominance and suppression was extensively studied re-
cently (Brascamp, Knapen, Kanai, van Ee, & van den Berg, 2007)
and the results are in strong agreement with the view of activa-
tion-dependent reciprocal inhibition and self-adaptation used to
explain our current results.
There have been other demonstrations of suppression of a non-
overlapping target that may or may not be related to interocular
competition. For instance, Maier, Logothetis, and Leopold (2005)
used binocular presentation of a stimulus very similar to the rival-
rous surrounds stimulus used here in Experiments 1 and 2. As
there was no difference in the stimulation to the two eyes, it is very
unlikely that any form of interocular suppression was involved.
They describe their results as relating to Monocular Suppression
between patterns with different orientations. For instance, strong
suppression was found when the pattern of one surround matched
that of the center grating, but when the orientation of neither sur-
round matched the orientation of the center, much less suppres-
sion was observed. As the surrounds never matched the
orientation of the target grating in our experiments, establishing
a single pattern is not a requirement in order for interocular sup-
pression to occur.
Some portion of the strength of Generalized Flash Suppression
(Wilke, Logothetis, & Leopold, 2002), however, may be due to inter-
ocular suppression. The greatest amount of suppression is ob-
served when a target is presented monocularly, which is
consistent with the results of Experiment 1. However, suppression
of a target is still possible when presented binocularly if there is
motion in the surround. Motion in the surround likely causes Mo-
tion Induced Blindness (Bonneh, Cooperman, & Sagi, 2001), which
does not require monocular presentation of either the target or the
suppressive surround, and thus does not likely involve any form of
interocular suppression.
The outcome of the modeling suggests caution in automatically
attributing different experimental results to the inﬂuence of differ-
ent mechanisms. In order to obtain different results, some aspect of
the experimental conditions must be changed. It may simply be
that the change in the conditions activates the same mechanism
in a different manner, leading to different experimental results.
For that reason, it can be beneﬁcial to reason about and implement
a computational model that can account for seemingly disparate
experimental ﬁndings in a parsimonious fashion.
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The model extends a basic four-dimensional binocular rivalry
model, which includes an activation and adaptation variable for
the ipsilateral and contralateral surrounds, to include an activation
and adaptation variable for the target. Simulations were done
using MATLAB software on an Intel Macbook computer using a
Runge–Kutta routine with constant step size (1 ms). The dynamic
dependence of the activation variables representing the different
spatial regions of the stimuli is characterized by Eqs. (1)–(6), with
a schematic representation in Fig. 6.
sdScontra
dt
¼ Scontra þ
Rmax½ESC xssSipsi2þ
ðR50 þ HcontraÞ2 þ ½ESCxssSipsi 2þ
ð1Þ
sa
dHcontra
dt
¼ Hcontra þ Scontra ð2Þ
sdSipsi
dt
¼ Sipsi þ
Rmax½ESI xssScontra2þ
ðR50 þ HipsiÞ2 þ ½ESI xssScontra2þ
ð3Þ
sa
dHipsi
dt
¼ Hipsi þ Sipsi ð4Þ
sdTarg
dt
¼ Targ þ
Rmax½ET xscScontra2þ
ðR50 þ HCenterÞ2 þ ½ET xscScontra2þ
ð5Þ
sa
dHCenter
dt
¼ HCenter þ Targ ð6Þ
where s is the time constant for the activation variables, sa is the
time constant for the adaptation variables, E is the stimulus activa-
tion strength, Rmax is the maximum response output, R50 is the acti-
vation value for which the output response is equal to half of its
maximum, xss is the interaction strength between the overlapping
surrounds of the two eyes, and xsc is the interaction strength from
the contralateral surround onto the center target grating.
Theparameter values remained constant for all simulations,with
the exception of varying the interaction strength between the sur-
round activation variables (xss = .60when surroundswere different
andxss = 0when surroundswere identical). The constant parameter
values were s = 20, sa = 900, E = 30 for the grating patterns,
Rmax = 100, R50 = 10, xsc = .55. Simulations were run with a 10 s
adaptation period followed by 20 s of constant stimulation values.
For the modeling of the spatial distribution of the suppressive
interaction, a Gaussian distribution was assumed that was cen-
tered on the midpoint of the suppressors. The standard deviation
of the Gaussian was 1.7 deg. The magnitude of the Gaussian during
the initial transient phase was determined based on the highest
peak activation value of the contralateral surround during the sim-
ulated trial following the onset of its stimulation and the magni-
tude of the Gaussian during the sustained phase was determined
based on the peak activation during the remainder of the simulated
trial.
Appendix B. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.visres.2008.09.033.
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